Aims Several mutations in the ventricular myosin regulatory light chain (RLC) were identified to cause familial hypertrophic cardiomyopathy (FHC). Based on our previous cellular findings showing delayed calcium transients in electrically stimulated intact papillary muscle fibres from transgenic Tg-R58Q and Tg-N47K mice and, in addition, prolonged force transients in Tg-R58Q fibres, we hypothesized that the malignant FHC phenotype associated with the R58Q mutation is most likely related to diastolic dysfunction. Methods and results Cardiac morphology and in vivo haemodynamics by echocardiography as well as cardiac function in isolated perfused working hearts were assessed in transgenic (Tg) mutant mice. The ATPase-pCa relationship was determined in myofibrils isolated from Tg mouse hearts. In addition, the effect of both mutations on RLC phosphorylation was examined in rapidly frozen ventricular samples from Tg mice. Significantly, decreased cardiac function was observed in isolated perfused working hearts from both Tg-R58Q and Tg-N47K mice. However, echocardiographic examination showed significant alterations in diastolic transmitral velocities and deceleration time only in Tg-R58Q myocardium. Likewise, changes in Ca 2þ sensitivity, cooperativity, and an elevated level of ATPase activity at low [Ca 2þ ] were only observed in myofibrils from Tg-R58Q mice. In addition, the R58Q mutation and not the N47K led to reduced RLC phosphorylation in Tg ventricles. Conclusion Our results suggest that the N47K and R58Q mutations may act through similar mechanisms, leading to compensatory hypertrophy of the functionally compromised myocardium, but the malignant R58Q phenotype is most likely associated with more severe alterations in cardiac performance manifested as impaired relaxation and global diastolic dysfunction. At the molecular level, we suggest that by reducing the phosphorylation of RLC, the R58Q mutation decreases the kinetics of myosin cross-bridges, leading to an increased myofilament calcium sensitivity and to overall changes in intracellular Ca 2þ homeostasis.
Introduction
Familial hypertrophic cardiomyopathy (FHC) is a relatively common autosomal dominant genetic disease characterized by ventricular hypertrophy, myofibrillar disarray, often clinically manifesting as heart failure, and/or sudden cardiac death (SCD).
1,2 It originates from mutations in genes encoding the major contractile proteins of the heart, 2,3 including mutations in the ventricular myosin regulatory light chain (RLC), which constitute 2% of total FHC sarcomeric mutations. 4 The RLC-associated disease phenotypes may or may not present as with the classic FHC phenotype and some variants have been associated with SCD without significant hypertrophy (for review see Szczesna 5 ). Interestingly, RLC mutations that affect Ca 2þ binding cause variable disease phenotypes in humans, ranging from a relatively mild phenotype in E22K (glutamate to lysine)-mutated patients, 6, 7 severe mid-ventricular hypertrophy in N47K (asparagine to lysine) individuals, 8, 9 and to a malignant disease phenotype demonstrated by multiple cases of SCD in R58Q (arginine to glutamine) 7, [10] [11] [12] and D166V (aspartate to valine) 8, 11 positive patients. We have recently suggested new potential mechanisms by which calcium-binding mutations of RLC (E22K, N47K, R58Q and D166V) may alter cardiac muscle contraction by changing the function of RLC as a temporary delayed Ca 2þ buffer. By changing the properties of the RLC Ca 2þ -Mg 2þ -binding site (Figure 1 ), the FHC mutations may enhance or diminish this intracellular Ca 2þ -buffering function of RLC. For example, by decreasing the affinity and increasing the specificity of this site for Ca 2þ , the E22K mutation was shown to decrease the amplitude and duration of [Ca 2þ ] and force transients in transgenic (Tg) intact papillary muscles and led to faster muscle relaxation. 13 Consequently, by inactivating this site for Ca 2þ , the N47K and R58Q mutations resulted in delayed calcium transients in intact muscle fibres and, in addition, the R58Q mutation caused slower muscle relaxation.
14 Interestingly, delayed muscle relaxation was recently observed in intact papillary muscle fibres expressing another calcium-binding RLC mutation, D166V. 15 Accordingly, both R58Q and D166V mutations were shown to increase the Ca 2þ -sensitivity of force and ATPase, suggesting a direct mutation-induced effect on the kinetics of myosin cross-bridges and the regulation of cardiac muscle contraction. 14, 15 The objective of this study was to build upon our previous cellular findings assessing the N47K and R58Q mutations of RLC 14, 16 and investigate whether human phenotypes associated with these mutations can be replicated in Tg mouse models expressing these RLC mutations. Cardiac morphology and ventricular haemodynamics were examined in Tg-N47K and Tg-R58Q mice and the results compared with those obtained with age-and gender-matched Tg-WT (wild type, expressing the human ventricular RLC in mice) and NTg (nontransgenic) mice. The effects of the N47K and R58Q mutations were also assessed in isolated perfused working hearts as previously examined for Tg-E22K mice. 13 In addition, based on our solution findings suggesting a correlation between Ca 2þ binding to recombinant R58Q mutant protein and its phosphorylation, 17 we examined the effects of the N47K and R58Q mutations on RLC phosphorylation in Tg-mice. Interestingly, as we showed recently in rapidly frozen ventricular samples from Tg-D166V mice, the D166V mutation significantly reduced the level of RLC phosphorylation and similar to R58Q mutation caused a series of Ca 2þ -dependent alterations in cardiac muscle contraction. 15 Finally, we also examined the effect of the N47K and R58Q mutations on myofibrillar ATPase activity, cooperativity, and myofilament calcium sensitivity in myofibrils purified from Tg hearts.
Methods

Animals
The investigation conforms with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996). All animal studies were conducted in accordance with institutional guidelines (Animal Welfare Assurance Number A3711-01, IACUC Approval Date 06/01/2007). Transgenic mouse models expressing WT or two FHC mutations (N47K and R58Q) of the human ventricular RLC were generated and characterized as described earlier.
14 With few exceptions, Tg mutant mice used in the current study were 7 + 1-month-old males that were age matched with Tg-WT and NTg control littermates. Some of the experiments were repeated with 14 + 1-month-old mice and if no differences between age groups were found (P . 0.05), the results were combined and averaged. Specific ages of mice are provided in each experimental protocol.
Protein phosphorylation
After euthanasia, the hearts from 6-month-old Tg-N47K, Tg-R58Q, Tg-WT, and NTg mice were excised and the ventricles were immediately isolated and frozen in liquid nitrogen. Prior to the experiment, the tissue was thawed in a buffer consisting of 20 mM phosphate buffer, pH 8.0, 12.5 mM MgCl 2 , 0.1 M CaCl 2 , 5 mM ATP, 0.6 mM NaN 3 , 0.2 mM PMSF, and 1 mL/mL Protease Inhibitor Cocktail (Sigma), homogenized, and dissolved in SDS-PAGE buffer containing 500 mM Tris, pH 6.8, 6 M Urea, 1% SDS, 10% b-mercaptoethanol, and 0.05% Bromophenol Blue and then loaded onto 15% SDS-PAGE. The phosphorylated Tg RLC was detected with þP-human RLC antibodies, specific for the phosphorylated form of the human ventricular RLC (generously provided by Dr Neal Epstein, NIH 18 ) followed by a secondary goat anti-rabbit antibody conjugated with the fluorescent dye, IR red 800. Phosphorylated troponin I (TnI) was detected with Mab14 antibody (MMS-418R, Covance, Berkeley, CA, USA), sensitive to the phosphorylated Ser 24 in the sequence of cardiac TnI, and followed by a secondary goat anti-mouse antibody conjugated with the fluorescent dye, Cy 5.5 ( Figure 2) . The total RLC protein was detected with a rabbit polyclonal RLC CT-1 antibody (generated in this laboratory), whereas the total TnI was detected with the 6F9 antibody (Research Diagnostics Inc.) both of which served as loading controls.
Transcript expression, reverse transcriptasepolymerase chain reaction
Mouse ventricles were rapidly harvested from 6-month-old NTg, Tg-WT, Tg-R58Q, and Tg-N47K mice, submerged immediately in an appropriate volume of ice cold RNAlater reagent (Qiagen) and stored frozen at 2808C. Total RNA was isolated from adult murine left ventricles using an RNeasy Fibrous Tissue Kit (Qiagen) as described previously. 13 First-strand cDNA was synthesized using 2 mg of total RNA and 1 mM oligo-dT primer using Omniscript reverse transcriptase (Qiagen). RT-PCRs were performed using sets of specific sense (S) and antisense (AS) primers designed to amplify the mouse cardiac sarcoplasmic reticulum Ca 2þ -dependent ATPase (SERCA 2; NCBI accession no. NM_009722), phospholamban (PLB; NM_023129), and a-actin (NM_009608) genes ( Table 1) . The PCRs were performed using Taq DNA polymerase (Invitrogen) and the products were electrophoresed on 2% agarose gels using ethidium bromide staining. Reactions were documented using a BioRad Gel Imaging System (Gel Doc XR) and Image Quant Software 
Myofibrillar ATPase activity
Cardiac myofibrils were prepared from left and right ventricular walls, septa, and papillary muscles from 6-month-old Tg-R58Q, Tg-N47K, Tg-WT, and NTg mice according to Solaro et al. 19 Myofibrillar ATPase assays were performed in a solution of 20 mM MOPS, pH 7.0, 40 mM KCl, 2.5 mM MgCl 2 , 2 mM EGTA, and increasing concentrations of Ca 2þ from pCa 9 to pCa 4.5. After 5 min of incubation at 308C, the reaction was initiated with 2.5 mM ATP and terminated after 10 min with 5% trichloroacetic acid. Released inorganic phosphate was measured according to Fiske and Subbarow. 20 Data were analysed with a Hill equation yielding the pCa 50 values (50% of the ATPase activity) and the Hill coefficient, n H . 21 
Echocardiography
In vivo cardiac morphology and function were assessed noninvasively using a high-frequency, high-resolution echocardiography system consisting of a Vevo 660 ultrasound machine equipped with a 25-50 MHz transducer (Visual Sonics, Toronto, Canada). Six 8-month-old-and two 15-month-old male Tg-R58Q mice and eight 8-month-old-and two 14-month-old male Tg-N47K mice were tested and compared with age-matched NTg and Tg-WT controls. Mice were anaesthetized using 3% isoflurane and transferred to an imaging stage equipped with built-in electrocardiography electrodes for continuous heart rate monitoring. The body temperature was maintained at 378C. Anaesthesia was sustained via a nose cone with 1% isoflurane. High-resolution images were obtained in the parasternal and apical orientations. Standard B-mode (2D) images of the heart and pulsed Doppler images of the mitral valve inflow were acquired. Left ventricular dimensions and wall thickness were measured at the level of the papillary muscles in parasternal short axis, at end-systole, and end-diastole. Left ventricular ejection fraction (LVEF) and mass were determined as described in De Simone et al. 22 Global diastolic haemodynamics were evaluated using transmitral Doppler velocities. An apical four-chamber view of the heart was obtained. A pulsed Doppler sample was placed at the tip of the mitral leaflets and transmitral velocities were acquired and stored electronically for offline analysis. Transmitral Doppler data were collected only when the conditions of a stable heart rate, regular rhythm, and consistent velocity profile were met. Early (E) and late (A) transmitral diastolic velocities (cm/s) and the deceleration time (ms) were measured and used as noninvasive indicators of global diastolic function. 23 
Isolated mouse working heart perfusion
Experiments with isolated perfused working hearts were performed as described earlier in Szczesna-Cordary et al. 13 Hearts were maintained at 378C during the entire perfusion period. Five 7-month-old male Tg-R58Q and eight 7-month-old male Tg-N47K mice were tested and compared with age-matched NTg and Tg-WT controls. In addition, two 15-month-old female Tg-R58Q mice and seven 14-month-old male and female Tg-N47K mice were examined. The perfusion protocol included a 30 min aerobic -handling proteins, SERCA 2 and PLB, in transgenic mice. Left ventricular total RNA extracts from Tg-WT, Tg-R58Q, and Tg-N47K mice expressing %100% transgene were used. Mouse cardiac a-actin and GAPDH were used as internal loading controls. Lanes 1 and 9, 100 bp and 1 kb plus DNA ladders, respectively; lanes 2 and 3, NTg; lanes 4 and 5, Tg-WT; lane 6, Tg-R58Q; lanes 7 and 8, Tg-N47K.
perfusion of spontaneously beating hearts. Functional measurements were acquired for 10 s, three times in 10 min intervals (total 30 min) with an MP100 system from AcqKnowledge (BioPac Systems, Santa Barbara, CA, USA) and data were averaged. Mechanical function (heart rate, peak systolic pressure, and maximum developed pressure), cardiac output, aortic flow, and coronary flow were measured with either in-line pressure transducers or flow probes, as described previously. 13 Cardiac work was calculated as the product of peak systolic pressure and cardiac output. Stroke volume was calculated as the cardiac output divided by the heart rate, whereas stroke work was calculated as the stroke volume times the peak systolic pressure. Cardiac power was calculated as the product of developed pressure and cardiac output. A conversion factor of 1.33 Â 10 -4 was used to convert cardiac power values from millimetres of mercury per millilitre to joules. 13 
Statistical analysis
Data are expressed as the average of n experiments + SEM (standard error of the mean). Multiple comparisons between groups were performed using One-Way ANOVA procedures and an unpaired Student's t-test (Sigma Plot 11; Systat Software, Inc., San Jose, CA, USA). Statistically significant differences were defined as P , 0.05. Figure 2 demonstrates the effect of R58Q and N47K mutations on the phosphorylation status of the RLC in Tg mouse ventricular extracts blotted with þP-human RLC antibodies, specific for the phosphorylated form of the human ventricular RLC. 18 Since both Tg mice express equivalent amounts of transgene which is also similar in Tg-WT, 14 the RLC phosphorylation level in Tg-R58Q, Tg-N47K, and Tg-WT ventricular extracts could be directly compared. The þP-RLC and þP-TnI band intensities were corrected for total RLC and TnI content detected with CT-1 and 6F9 antibodies, respectively. As shown, the R58Q mutation reduced phosphorylation of RLC by 50% evidenced by the lower þP-RLC band intensity in Tg-R58Q ventricles compared with Tg-WT (Figure 2 , middle panel, lane 3 vs. lane 6). Data from three independent experiments showed that compared with Tg-WT hearts, the R58Q myocardium demonstrated only 0.48 + 0.06-fold (n ¼ 3) of RLC phosphorylation. In contrast, the N47K mutation did not change the level of RLC phosphorylation compared with Tg-WT ( 
Results
Analysis of protein phosphorylation
Expression of calcium-handling genes in transgenic mice
To test whether expression of N47K and R58Q mutations in the heart interfered with intracellular Ca 2þ -handling genes, we examined mRNA expression of SERCA 2 and its regulatory protein, PLB, in the mutated myocardium identified with specific primers designed to amplify the mouse cardiac SERCA 2 and PLB genes ( Table 1) . As shown in Figure 3 , neither mutation, N47K or R58Q, affected transcript expression of SERCA 2 and PLB tested in Tg-R58Q and Tg-N47K ventricular extracts compared with Tg-WT and NTg controls. GAPDH was used as internal loading control for SERCA 2 and a-actin served as control in the reaction for PLB.
Effects of R58Q and N47K mutations on myofibrillar ATPase activity
In support of our previous experiments on skinned papillary muscle fibres, 14 myofibrillar ATPase activity performed under unloaded conditions on myofibrils from ventricles of Tg mice revealed differences in the Ca 2þ sensitivity of ATPase for Tg-R58Q mice ( Figure 4A) . A large increase in Ca 2þ -sensitivity of ATPase compared with other group of mouse myofibrils was observed in Tg-R58Q myofibrils ( Figure 4A ) and the respective pCa 50 values of the ATPasepCa dependence are plotted in Figure 4B : 6.48 + 0.11 (Tg-R58Q), 6.28 + 0.03 (Tg-N47K), 6.24 + 0.06 (Tg-WT), and 6.22 + 0.03 (NTg). The 'n' indicates the number of ATPase assays performed on different myofibrillar preparations. Importantly, R58Q-mutated myofibrils demonstrated an impaired inhibition of ATPase activity measured at low [Ca 2þ ] (7.5 , pCa , 8.5) ( Figure 4A , P , 0.05). The level of myofibrillar ATPase activity in Tg-R58Q myofibrils was also significantly higher at submaximal Ca 2þ concentrations, [Ca 2þ ] 1 mM, whereas no difference was observed at saturating [Ca 2þ ] ( Figure 4A ). The Hill coefficient (n H ) of the ATPase-pCa relationship was decreased in Tg-R58Q myofibrils compared with Tg-WT or Tg-N47K myofibrils, indicating a poor R58Q-mediated myofibrillar ATPase cooperativity ( Figure 4A ).
Echo-Doppler evaluation
Based on our previous cellular findings, we hypothesized that a malignant FHC phenotype associated with the R58Q mutation could be related to diastolic dysfunction of the R58Q-mutated myocardium. The results summarized in Figures 5 and 6 fully support our hypothesis. However, there were no statistically significant differences in heart rate, LV end-systolic or end-diastolic wall thickness, LV mass, and LVEF between NTg, Tg-WT, Tg-N47K, and Tg-R58Q mice ( Table 2) . A 30% increase in inter-ventricular septal thickness in diastole [IVS(d)] and posterior wall thickness in diastole [PW(d)] were observed in two 15-month-old Tg-R58Q mice compared with 8-month-old Tg-R58Q mice. The same was true for one 14-month-old Tg-N47K mice which showed a 20% increase in IVS(d) and LVPW(d) compared with 8-month-old N47K animals (data not shown). Therefore, there might be an age-induced hypertrophy in Tg-R58Q and Tg-N47K hearts, which was not present in control mice. No systolic dysfunction was determined in any of the tested groups of mice ( Table 2) . In contrast, diastolic dysfunction evidenced by reduced early transmitral diastolic velocity E and increased transmitral velocity A as well as prolonged deceleration time was observed in Tg-R58Q mice compared with Tg-N47K and control of mice ( Figures 5 and 6) . As a result, the E/A ratio was significantly lower in Tg-R58Q mice (2.2 + 0.4) compared with all tested groups of mice, NTg (3.9 + 0.4), Tg-WT (5.3 + 0.3), and Tg-N47K (4.6 + 0.9) (P , 0.05) ( Figure 6 ). Deceleration time in Tg-R58Q mice was 53 + 6 ms, which was 1.71-, 1.36-, and 1.66-fold longer compared with Tg-N47K, Tg-WT, and NTg mice, respectively ( Figure 6, P , 0.05) . Overall, the results indicate abnormal relaxation and diastolic dysfunction in Tg-R58Q mice.
Isolated perfused hearts study
To investigate the relationship between the severity of FHC disease in N47K and R58Q patients and cardiac muscle performance in Tg-N47K and Tg-R58Q mice, we used an isolated perfused working heart model to test the ability of the mutated hearts to perform work. As shown in Tables 3  and 4 , cardiac output, cardiac work, and cardiac power were significantly decreased in Tg-N47K and Tg-R58Q aerobically perfused and spontaneously beating hearts compared with controls. Importantly, compared with the N47K mutation, the R58Q mutation resulted in much more severe changes in cardiac function demonstrating even more reduced cardiac work and consequently cardiac power compared with control hearts ( Table 3 ). The changes observed for both mutations indicate compromised cardiac function in both Tg-N47K and Tg-R58Q mice; however, the phenotype associated with Tg-R58Q mice was much more profound ( Table 3) . No significant differences between female and male mice nor between younger or older animals in any of functional measurements in isolated perfused hearts were observed.
Our recent study indicated that the malignant FHC phenotype associated with the R58Q mutation might be related to inefficient energy utilization by the R58Q myocardium. 24 We therefore examined the hearts of 7-month-old male Tg-R58Q mice for oxygen consumption while executing work in isolated perfused working hearts and the results were compared with Tg-WT and NTg controls (see Supplementary material online, Figure S1 ). As expected, cardiac efficiency defined as the ratio of cardiac power to O 2 consumption 25 was significantly decreased in Tg-R58Q mouse hearts during the initial aerobic perfusion period and also decreased after ischaemia during reperfusion. The difference between Tg-R58Q and control mice during the post-ischaemic reperfusion period was not statistically significant (see Supplementary material online, Figure S1 ).
Discussion
In this report, we present evidence for compromised cardiac function in both Tg-N47K and Tg-R58Q mice that might be responsible for compensatory hypertrophy observed in humans carrying these N47K and R58Q mutations. We also demonstrate that the R58Q-induced changes in cardiac contractility are much more severe than those in the hearts of Tg-N47K mice, and that these differences might explain an observed malignant FHC phenotype and multiple cases of SCD reported for R58Q-mutated patients. Abnormal function of the R58Q myocardium most likely originates from a mutation-mediated decrease in RLC phosphorylation, the R58Q-induced increase in Ca 2þ -sensitivity of contraction, and impaired relaxation ultimately manifesting as global diastolic dysfunction.
As shown in Figure 1 , binding of Ca 2þ to cardiac myosin occurs at the RLC Ca 2þ -Mg 2þ -binding site that contains a single EF-hand helix-loop-helix motif in the N-terminal domain of RLC and also contains a phosphorylation site at Ser 15, a target for the Ca 2þ -CaM-activated myosin light chain kinase (MLCK). Interestingly, it is the R58Q and not N47K mutation that results in a decreased level of RLC phosphorylation, as measured in rapidly frozen ventricular samples from mutant Tg mice compared with Tg-WT hearts ( Figure 2) . As we showed earlier, the R58Q-induced failure of Ca 2þ binding to RLC was totally reversed by phosphorylation of recombinant R58Q protein. 17 Perhaps, replacing a positively charged arginine with a polar glutamine decreases the affinity of the phosphate group for Ser 15 resulting in lower phosphorylation of RLC in Tg-R58Q hearts ( Figure 2) . Reduced levels of RLC phosphorylation were paralleled by a slight increase in the PKAphosphorylation of TnI in Tg-R58Q mice, whereas there was a slight decrease in TnI phosphorylation in Tg-N47K vs. Tg-WT hearts. Possibly, MLCK-dependent RLC phosphorylation is offset by increased or decreased phosphorylation of TnI via sarcomeric protein phosphatases that might be specific for multiple protein targets.
Structurally, ventricular myosin RLC belongs to the superfamily of EF-hand calcium-binding proteins and binds Ca 2þ with 1.5 mM affinity. 17 Calcium is a key regulator of the complex workings of the heart and any alterations in Ca 2þ signalling can potentially lead to contractile dysfunction, heart failure, and cardiac death. 26, 27 As we showed previously, the RLC can function as a molecular regulator of myofilament Ca 2þ homeostasis, working in parallel to troponin C (TnC) in maintaining intracellular [Ca 2þ ]. 13, 14 Both FHC mutations, N47K and R58Q, were shown to deactivate RLC for Ca 2þ binding and led to Ca 2þ -dependent changes of muscle contraction at the protein 17, 24 and cellular 13, 14, 16 levels. Importantly, compared with the N47K mutation, the R58Q substitution resulted in a large increase in myofilament calcium sensitivity. 14 The myofilament sensitivity to Ca 2þ is a function of two components: (i) the kinetics of force generating myosin cross-bridges and (ii) k on /k off of Ca 2þ binding to TnC. 28 Therefore, the observed leftward shift in the force/ATPase-pCa relationships in Tg-R58Q myocardium observed earlier 14 and in the current study could be due to slower cross-bridge kinetics in Tg-R58Q myocardium or a decreased Ca 2þ dissociation from TnC. The latter was fully supported by prolonged force transients measured in intact muscle fibres from Tg-R58Q mice 14 and in the current work demonstrating impaired relaxation in vivo. As we confirmed, these RLC Ca 2þ -dependent changes in contractility seem to be specific for the myofilament network as expression of the key sarcoplasmic reticulum Ca 2þ re-uptake genes, SERCA 2, and its regulatory protein PLB was not changed by the N47K or R58Q mutation (Figure 3) .
Myofibrillar ATPase activity assays also show a decrease in the cooperativity of the actin-myosin interaction in both Tg-N47K and Tg-R58Q mice with a much more dramatic effect exhibited by the R58Q mutation (Figure 4) . Most importantly, compared with Tg-N47K, Tg-WT, or NTg mice, the Tg-R58Q myocardium demonstrated a largely increased ATPase activity at low [Ca 2þ ] (pCa 8), implicating impaired muscle relaxation (Figure 4) . The lack of full inhibition of ATPase activity at low [Ca 2þ ] suggests a possibility of an Figures 5 and 6) showing significantly altered early and late diastolic transmitral velocities and prolonged deceleration time in Tg-R58Q mice compared with other groups, despite similar ventricular mass and normal systolic function ( Table 2) . One can conclude that diastolic function is affected earlier in the disease process in this model and may likely be a more sensitive indicator of a malignant FHC phenotype than hypertrophy or systolic dysfunction. Future invasive haemodynamic studies would be helpful to confirm abnormal diastolic function in our Tg FHC mice. Furthermore, diastolic dysfunction as evidenced in Tg-R58Q mice closely parallels significant contractile abnormalities noted in isolated heart preparations. As shown in Table 3 , significantly decreased cardiac output, cardiac work, and ultimately cardiac power were observed in isolated perfused working hearts from Tg-N47K and Tg-R58Q mice; however, the changes caused by the R58Q mutation were much more profound (Tables 3 and 4) . Additional data attained with Tg-R58Q mice also demonstrated significantly decreased cardiac efficiency in aerobically perfused R58Q hearts compared with controls and poor recovery after an acute ischaemic episode confirming greatly compromised cardiac function in Tg-R58Q mice (see Supplementary material online, Figure S1 ).
Our results are mirrored by the severity of human phenotypes associated with the N47K and R58Q mutations in RLC showing cardiac hypertrophy with less severe outcomes in N47K patients 8, 9 and adverse disease progression with multiple cases of SCD in R58Q-positive patients.
7,10-12 Both mutations may act through similar mechanisms leading to compensatory hypertrophy of the functionally compromised myocardium but the more severe phenotype associated with the R58Q mutation is most likely due to a series of changes initiated at the molecular level, e.g. mutation-dependent decrease in RLC phosphorylation affecting kinetics of R58Q cross-bridges, compromised Ca 2þ -dependent regulation of contraction, changes that ultimately alter intracellular Ca 2þ homeostasis, and uncouple contraction-relaxation cycle. A large increase in myofilament Ca 2þ sensitivity when placed in vivo would contribute to decreased ventricular filling at high heart rates when the tail end of the first [Ca 2þ ] transient begins to fuse with the next. The slow force relaxation could also start to fuse with the next contraction when heart rates are high leading to diastolic dysfunction.
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